Processes based on chemical oxidation are widely used for environmental remediation. Analysis of environmental samples such as soils often requires a freeze-drying step prior to the measurement of the concentration of contaminants. However, the effect of freezing on the quantification of the removal efficiency is poorly known. Here we studied the removal of polychlorinated biphenyls (PCBs) in contaminated soils using H 2 O 2 , persulfate, permanganate and ferrate(VI), firstly at room temperature. To assess the chemical oxidation performance, soil samples were freeze-dried and extracted with hexane and PCBs were quantified in the extract by gas chromatography-mass spectrometry. Unexpectedly, in batch samples which were freeze-dried after 5 min of ferrate(VI) oxidation, the removal of PCBs was about two times higher than in samples lyophilized after 3 h of reaction time. Similar oxidation treatments performed at − 20 °C, instead of room temperature, showed that the enhanced degradation in soil is related to freezing conditions. This phenomenon is explained by the freezing concentration effect, i.e., the increased concentration of reactants in the liquid brine. Although this freezing effect is already known in aqueous media, this is the first time it is demonstrated in a heterogeneous soil system, particularly for the remediation by chemical oxidation. The non-consideration of this unforeseen effect during the soil preparation in laboratory studies may lead to an incorrect assessment of oxidation performance.
Introduction
In situ chemical oxidation (ISCO) is an emerging technology for the remediation of soil and groundwater, which remains a point of extensive investigation within the field and a focus of a growing number of published studies (ITRC 2005; Siegrist et al. 2011) . A laboratory assessment is often designed to evaluate the effectiveness of using reactive oxidants to convert hazardous contaminants into non-hazardous or less toxic compounds in soils (ITRC 2005; Siegrist et al. 2011) . In most of the laboratory studies, the oxidation tests are performed through a direct mixing of chemical oxidants with the investigated soil and then the determination of residual amount of contaminants after a certain period of time. Prior to analysis, the treated soil is frozen and water removed by sublimation from ice (i.e., freeze-drying process also called lyophilization). Then, the residual concentration of target contaminants in the freeze-dried soil can be quantified by extraction using organic solvent.
The low-temperature dehydration process is a necessary step in the soil preparation (Monfort et al. 2019; Tang et al. 2015; Rybnikova et al. 2016) , thus allowing an efficient extraction of target molecules using organic solvent. Another reason is the preservation of all physical and chemical properties of the soil with no impact on the reaction performance. The treated soil is also pre-frozen in a freezer or liquid nitrogen before being placed into the freeze-dryer to avoid shrinkage, thus facilitating faster removal of water vapor during sublimation (Zhang 2018) . Freeze-drying process, contrary to freeze-thaw cycles, increases the stability of soil aggregates (Dagesse 2011) , thus preserving the soil integrity. Because a rapid freezing may be utilized to quench the reactions in aqueous media (Monfort et al. 2019; Tang et al. 2015; Rybnikova et al. 2016) , lyophilization followed by solvent extraction of batch samples is an adequate technique for kinetic studies.
The effect of freezing is known to alter specific chemical reactions (O'Concubhair and Sodeau 2013) . The freezing effect is often associated with reactions which occur in the cryosphere such as in upper stratosphere or polar regions (snowpack, freezing fogs, snowflakes) (O'Concubhair and Sodeau 2013). Several studies have already highlighted the effect of freezing to explain the oxidation of nitrite into nitrate in the permafrost or in polar regions Sun et al. 2017; Takenaka et al. 1992) , the dissolution of iron oxides in atmospheric mineral dust (Jeong et al. 2012 (Jeong et al. , 2015 , the reduction of chromate and bromate in frozen solution by organic compound as electron donor Kim and Choi 2011; Kim et al. 2015; Min and Choi 2017) or the activation of periodate in frozen solution for the enhanced degradation of organic contaminants (Choi et al. 2018 ). However, the freezing effect has never been investigated in the context of soil remediation where freeze-drying is commonly used in the preparation of soil samples (Monfort et al. 2019; Tang et al. 2015; Rybnikova et al. 2016 ).
The present work arises from counterintuitive results observed during a kinetic study of chemical oxidation in soil. In an exploratory study from our group (Monfort et al. 2019) , the ability of chemical oxidation to remove polychlorinated biphenyls (PCBs) from an aged contaminated soil using ferrate(VI) has been evaluated under various experimental conditions (liquid/solid ratio and oxidant type and dose) after 24 h of reaction time, but no detailed kinetic study has been performed. In the present work, we decided to investigate the first kinetic stage (i.e., at t < 60 min) because (1) the reactive oxidant is supposed to be rapidly decomposed in soil, and (2) significant knowledge on the action of ferrate(VI) considered as an environmentally friendly oxidant in heterogeneous soil media is needed. We also compare with common oxidants, widely used in soil remediation studies, including persulfate (K 2 S 2 O 8 ) and permanganate (KMnO 4 ). All the three oxidants may act through electron transfer (Fang et al. 2013; Kim et al. 2018; Sharma 2013; Sharma et al. 2015) , though a radical pathway can be expected for activated persulfate (Fang et al. 2013; Tang et al. 2015) . For ferrate(VI), electron transfer accompanied by oxygen atom transfer may occur with the target contaminants leading to the formation of oxidized by-products, while ferrate(VI) is simultaneously transformed into Fe(III)-oxyhydroxides (Sharma 2013; Sharma et al. 2015) . Despite the wide application of chemical oxidation in soil cleanup technologies and the potential advantages offered by the use of this "green" oxidant, reports on the use of ferrate(VI) oxidation in soil remediation are very scarce (Rai et al. 2018) . As the chemical oxidation is one of the most extensively used methods in the remediation of soil and groundwater, this work calls for an accurate evaluation of freezing and freeze-drying impacts on the oxidation performance, but may also have broader implications in understanding oxidation mechanisms in soils undergoing freeze-thaw cycles or in other soil treatment and pre-treatment processes (Aresta et al. 2004; Li et al. 2018; Quiroz et al. 2008; Singh et al. 2017 ).
Materials and methods
Potassium ferrate, potassium persulfate and potassium permanganate were purchased from NanoIron (Czech Republic), Merck and Prolabo, respectively. The investigated soil was provided by the French Environment and Energy Management Agency (ADEME). The main characteristics of the soil are summarized in Table S1 (see Electronic Supplementary Information). Briefly, the tested soil contains high amount of carbonates, thus resulting in alkaline pH. High amount of PCBs (1018 mg/kg) is present, out of which more than 50% is composed of hexa-chlorinated biphenyls and approximately 45% of penta-and hepta-chlorinated biphenyls (Table S2) .
Prior to chemical oxidation, the soil is dried, crushed and passed through 500-µm sieve. All experiments are performed in batch mode, where 2 g of soil is first mixed with 2 mL of deionized water (i.e., liquid-to-solid ratio of 1). Then, the optimized amount of ferrate(VI), persulfate or permanganate is added directly to the soil to trigger the chemical oxidation (Monfort et al. 2019) . For the kinetic experiments, each batch sample is pre-frozen in liquid nitrogen for 2 min and then transferred to the freeze-dryer (Labconco Freezon 2.5) for 24 h.
To rebut a possible effect of a simple temperature change over a freezing effect, additional tests at different temperatures have also been performed, including − 20 °C (freezer), 4 °C (cold chamber), room temperature (+20 °C) and +40 °C for 24 h. After each experiment, pre-freezing process was applied as described above. As the eutectic temperatures of potassium persulfate, ferrate and permanganate are not known, we assume they are closer to that of H 2 O 2 solution (i.e., − 50 °C) (Foley and Giguère 1951; Kim et al. 2015) .
The chemical oxidation performance for soil remediation is evaluated by the quantification of PCBs using gas chromatography-mass spectrometry (GC-MS, PerkinElmer Clarus 500). The detailed procedure is reported in a previous study (Monfort et al. 2019) . Before GC-MS analysis, the soil has been first freeze-dried. Then, PCBs are extracted by accelerated solvent extraction (Dionex ASE 300) in hexane, and the obtained extract is subsequently pre-concentrated prior to its analysis by GC-MS using PCB209 (Sigma-Aldrich) as internal standard. Because the fine particles tend to fly off with the water vapor (Brydon et al. 1963) , loss of material during freeze-drying may occur through ejection of dried material (Morris and Darlow 1972) but the assessment of PCB amounts in blank tests has easily permitted to exclude this hypothesis, since there is no change in the initial amount of PCBs.
Results and discussion
The kinetic degradation of PCBs in soil using ferrate(VI) exhibits an unexpected U-shaped curve, i.e., the removal extent of PCBs at the first minutes was about two times higher than at later reaction times (Fig. 1) . While degradation reactions traditionally follow fixed-order kinetics, the relationship of PCB concentration decay versus time observed here raises questions, especially about the ferrate(VI) oxidation mechanism. Indeed, if we consider first-order kinetic reaction and calculated the initial rate constant (k initial ) over the first stage of reaction (i.e., concentration drop step from C/C 0 = 1 to C/C 0 = 0.3) by plotting a linear regression of − ln(C/C 0 ) versus time, we found a much higher value (0.25 min −1 ) than that estimated if we assume a first-order kinetic reaction (0.002 min −1 ) based on the plateau achieved in case of ferrate(VI) (dashed lines, Fig. 1 ). Degradation kinetics with permanganate or persulfate also present the same anomaly but at much smaller extents since they show more classical behavior (Fig. 1) . The sharp decay in contaminant concentration may result from fast consumption of oxidant and/or low availability of PCBs which are known to be highly recalcitrant to degradation (Monfort et al. 2019) .
It should be noted that each batch sample used to determine the degradation extent (just described above) has undergone the same preparation procedures, i.e., pre-freezing, freeze-drying and solvent extraction, but higher PCB degradation extents are only observed at the beginning of oxidation reaction (i.e., within the first 30 min), especially for ferrate(VI) oxidation (Fig. 1) . Due to the high reactivity (or very low stability) of ferrate(VI) compared to the other oxidants, its concentration must be rapidly depleted in soil over time, and thus, only the first samples (i.e., for t < 60 min) still contain a significant amount of ferrate(VI). Indeed, a decomposition test in distilled water shows that almost 50% of 20 µM ferrate(VI) decomposed after 60 min at pH 7 (not shown). Although it is difficult to determine the ferrate(VI) concentration in treated soil, especially at very low liquid-to-solid ratio, we may assume that the ferrate(VI) decomposition is much faster in soil than in water, likely due to the presence of various minerals and organic soil constituents. Therefore, the enhancement effect observed here is due to the use of ferrate(VI) which is more efficient than the other tested oxidants (Monfort et al. 2019) and is only effective when the ferrate(VI) concentration is high enough in soil to induce further degradation.
As previously mentioned in "Materials and methods" section and to improve the freeze-drying process, the treated soil was rapidly pre-frozen in liquid nitrogen for 2 min and then transferred to freeze-dryer. In this case, the eutectic point is quickly reached and smaller ice crystals are expected to form (Choi et al. 2018; Kim et al. 2015) . That also may stop the oxidation reaction in the soil containing oxidant during the kinetic assessment without adding a new chemical reagent in soil (Tang et al. 2015; Rybnikova et al. 2016) . To check whether the higher degradation extents observed at the beginning of the reaction shown in Fig. 1 result from a temperature-dependent mechanism, chemical oxidation tests using ferrate(VI), permanganate or persulfate were performed at 4, 20 and 40 °C. Over this narrow temperature range, the degradation extents of PCBs using ferrate(VI) oxidation vary between 29 and 34%, which is in the margin error of 5%. Similarly, the degradation extents oscillate between 7 and 9% for persulfate, and 10 and 13% for permanganate. Therefore, the PCBs degradation in the soil is temperature independent under our experimental conditions.
To test how the freezing impacts the degradation extent, we performed oxidation tests in soil at − 20 °C [a freezing temperature typically used in the literature (Choi et al. 2018; Jeong et al. 2015; Kim et al. 2015 Kim et al. , 2017 Min and Choi 2017) ] and compared with those determined at room temperature (20 °C) for the same reaction time (24 h). This freezing temperature (− 20 °C) was also chosen because it is above the eutectic point of oxidant solution [supposed here as around − 50 °C, as for a H 2 O 2 solution (Foley and Giguère 1951; Kim et al. 2015) ]. Furthermore, different oxidant concentrations are also tested to address the potential limitation related to oxidant dose at the freezing temperature ( Fig. 2  and S1 ). When the treated soil was aged at − 20 °C, higher PCB degradation extents (than those obtained at +20 °C) were achieved whatever the tested oxidant dose. This phenomenon is observed for persulfate and permanganate, but to a lesser extent (Fig. S1) . The considerable effect of freezing observed in the case of ferrate(VI) is likely due to its higher efficiency for PCB degradation in soil compared to other tested oxidants, and because its efficiency clearly increases with ferrate(VI) concentration increasing (Fig. 2) . Similar to ferrate oxidation in homogeneous aqueous solutions (Eng et al. 2006; Feng et al. 2017; Homolkova et al. 2017 ), an exponential relationship of PCB removal with oxidant dose can be observed (Fig. 2) . Even though it is a mathematical correlation, the observed behavior may suggest that there are other limitation factors than oxidant dose for total removal of PCBs in soil (Monfort et al. 2019) .
Although the freezing effect has never been reported for the chemical oxidation processes in soil, it is known that this effect may accelerate reaction rate, through an increase in reactants concentration in the liquid brine (i.e., reactants are expelled from the growing ice phase) but also a significant change in pH: this is referred to as the "freeze concentration effect" (Butler 2002; Jeong et al. 2015; Kim et al. 2015; O'Concubhair and Sodeau 2013) . We thus conclude that the enhancement of Fe(VI) oxidation in soil takes place during the fast frozen step and before reaching the eutectic point. Since ferrate(VI) oxidation is a concentration-dependent process (Fig. 2) , Fe(VI) can be freeze-concentrated in the ice grain boundary region along with the soil particles, thus accelerating the reaction rate.
A further modification, which may occur during the freezing process, is pH change (Choi et al. 2018) . As the soil has an alkaline pH, an increase in OH − concentration with the freezing concentration effect may take place. This pH increase might also affect the action of persulfate, since it is more efficient under acidic conditions (Fang et al. 2013; Tang et al. 2015) , but not that of permanganate which is pH independent (Kim et al. 2018; Waldemer and Tratnyek 2006) . In the case of ferrate, a pH increase may affect the molecular speciation of ferrate(VI). At high pH, the dominant ferrate(VI) form is FeO 4 2− , which is the most stable species (Choi et al. 2018; Sharma 2013; Sharma et al. 2015) .
As an attempt to explain the improvement in PCB degradation in soil upon freezing, we discuss here how grain boundary regions are formed (Jeong et al. 2015; Ji et al. 2018; Peppin and Style 2013; Perrott 1977; Xu et al. 2018 ) when soil containing water and solid particles is frozen at − 20 °C, i.e., above its "eutectic point" where ice crystals and liquid brine coexist. In a heterogeneous system, solid particles may constitute nucleation sites facilitating the formation of ice, as compared to homogeneous freezing where ice can form in the absence of any nuclei (Jeong et al. 2015) . However, the ice growing and ice crystal size depend on how fast the treated soil is frozen, while the volume of liquid brine is inversely proportional to the size of the ice crystals (Choi et al. 2018; Kim et al. 2015) . If large ice crystals are formed, fine soil particles may be expelled from ice into the liquid brine (Fig. 3, right) . In this confined zone, the finer particles containing probably the PCBs (Perard et al. 1996; Rybnikova et al. 2016 ) react with the freeze-concentrated oxidant. Indeed, PCBs, which are hydrophobic compounds, are usually located on soil organic matter or silts and clays containing high extent of organic carbon, which account for the finest fraction of soil (Kampire et al. 2017; Wilcke and Zech 1998) .
A second possibility is that upon freezing, pre-melted films are formed between the surfaces of soil grains and ice lens (Ji et al. 2018; Peppin and Style 2013; Xu et al. 2018 ). This pre-melted film contains unfrozen water where ferrate(VI) is in direct contact with the contaminated particles (Fig. 3, left) . In both pictures, the freezing effect gives rise to a favorable microenvironment in ice grain boundary where ferrate(VI) and PCBs come into contact. Therefore, the contact between the oxidant and the contaminant, which is the most limiting factor in in situ chemical oxidation technologies, may be optimized under freezing conditions. 
Conclusion
The effect of freezing during the freeze-drying process of soil may have a significant impact on chemical reactions involved in soil remediation process. Consequently, more attention should be paid to the soil preparation and the bias that the soil freezing may introduce, especially during the determination of kinetic parameters.
It is worth noting that the presently investigated soil with an aged contamination and very recalcitrant compounds such as PCBs may not be appropriate to clearly highlight the freezing effect in soil remediation. Nevertheless, this novel finding calls for new studies on different soil types along these lines. 
